"KEEP THE BALANCE THAT NATURE INTENDED," "regulate the rhythm of your bowel," "restore your body's natural digestive rhythm" are some of the commercial slogans with which the industry targets the millions of individuals that suffer from irregular bowel habits. Such slogans appeal to the general recognition that bowel habits follow a rhythm. Healthy individuals will have bowel movements during the day, but seldom at night. Furthermore, it is well recognized that disruption of daily rhythms, such as occurs with shift work or time zone traveling, can lead to gastrointestinal symptoms including bloating, abdominal pain, diarrhea, or constipation. These observations suggest a functional correlation between daily rhythms and gastrointestinal physiology.
The terms "biological rhythm," "diurnal rhythm," and "circadian rhythm" are frequently used interchangeably. However, it should be noted that there is a fundamental difference between them. Biological rhythms encompass both diurnal and circadian rhythms and generally refer to periodic fluctuations in physiology and/or behavior. When biological rhythms are solely driven by cyclic events in the environment such as the light-dark cycle, they are referred to as diurnal rhythms. Biological rhythms can also be generated by so-called "clock genes," a group of genes that govern 24-h, circadian rhythms. The key requirement for the description of a rhythm as circadian is to show that the rhythm persists under constant conditions (i.e., the rhythm must continue within an approximate 24-h period when external time cues such as light are removed from the environment), thus demonstrating the endogenous existence of a time-keeping mechanism. Other chronobiological terms relevant to this review are summarized in Table 1 .
The molecular basis for biological rhythms is formed by so-called "clock genes" and their products. Clock genes participate in two interlocked transcription-translation feedback loops (Fig. 1 ). In the first loop, CLOCK and BMAL1 start the cycle by forming a heterodimer that drives the expression of the period (per1, per2, and per3) and cryptochrome (cry1 and cry2) genes, whose protein products then inhibit CLOCK/ BMAL1 activity. In the second loop, CLOCK/BMAL1 will drive the expression of Rev-erb␣ and rora, a class of nuclear hormone receptors, whose mutually opposing actions on the Bmal1 promoter produce a 24-h rhythm in Bmal1 transcription (4) . The resulting oscillations in CLOCK/BMAL1 activity give rise to circadian rhythmicity.
The most direct mechanism by which clock genes drive circadian gene expression is through regulation of promoter activity of clock-controlled genes. Clock genes can also indirectly drive circadian gene expression through regulation of promoter activity of clock-controlled genes, which in turn regulate the transcription of other downstream genes at specific times of the day (7). Thus, while regulating their own activity, clock gene proteins can also regulate the transcription of downstream genes.
A central clock or "pacemaker" is located in the hypothalamic suprachiasmatic nucleus (SCN), which receives photic input via the retinohypothalamic tract. However, it has now become clear that the majority of peripheral tissues contain functional clock genes as well. Since these peripheral clock genes cannot perceive light, the SCN communicates with peripheral tissues via neuronal and humoral pathways, although the precise mechanism of interaction through which the central clock entrains peripheral clocks is unknown (7). Pe-ripheral clocks can be entrained by other stimuli such as restricted feeding, independent of the central clock. Lesions of the SCN abolish all behavioral, physiological, and biochemical rhythms. However, in the absence of the SCN, anticipatory food-associated behavior as well as rhythms in peripheral clock genes can be entrained by timed feeding (47) .
The purpose of this review is to provide an overview of the clinical data that first demonstrated the presence of biological rhythms in colonic motility and to review data from animal studies that demonstrate that such biological rhythms may be driven by clock genes. It will also discuss the potential role of biological rhythms in gastrointestinal diseases that are characterized by alterations in bowel habits, such as irritable bowel syndrome. Finally, it will review remaining questions and challenges in this novel area of research.
Rhythmic Changes in Measures of Gastrointestinal Motility: Clinical Observations
Stomach. Goo et al. (17) measured gastric emptying rates in 16 healthy male subjects at the start of the day (8 AM) and at the start of the evening (8 PM) and found gastric emptying half-times for the evening meal to be significantly longer for solids but not for liquids compared with morning emptying half-times.
Small bowel. Kumar et al. (28) used twin intraluminal pressure-sensitive radiotelemetric capsules for prolonged monitoring of proximal small bowel motility in healthy volunteers and observed a significant variation between daytime and nocturnal propagation velocities of the migrating motor complex.
Colon. At least two studies in healthy human volunteers have demonstrated rhythmic changes in measures of colonic motility. In 1987, Narducci et al. (36) demonstrated that colonic motor activity was low before meals and minimal during sleep and that colonic motor activity increased significantly after meals and at morning awakening. Rao et al. (41) described similar findings in ambulatory colonic pressure recordings from 25 healthy individuals and showed that a threefold increase in colonic pressure activity occurs immediately after awakening as well as following a meal.
Rectum. Auwerda et al. (2) studied rectal motor complexes, which are defined as distinct patterns of regular pressure fluctuations with a frequency of either three or six cycles per minute, in healthy human, fully ambulant volunteers. The number of rectal motor complexes was significantly lower during sleep and the duration and peak amplitude of these nocturnal rectal motor complexes were significantly reduced, suggesting that such complexes are following a biological rhythm. Meals provided a stimulus for increased rectal motor activity as well.
Thus rhythmic changes in motility appear to occur throughout the entire gastrointestinal tract of healthy humans. Whether these rhythmic changes are truly circadian remains to be determined because none of the studies were completed under constant conditions.
Colonic Clock Gene Expression: From Rhythmic Phenomenology to Physiological Relevance
Over the past two decades, many components of the molecular clock have been identified. However, prior to the identification of the molecular clock, various rhythmic processes were already characterized within the gastrointestinal tract including gastrointestinal motility (17) , absorption rates (12), mucosal enzyme activities (31), cell proliferation rhythms (8) , and gastric acid secretion (34) , as reviewed elsewhere in greater detail (21, 44) . The identification of multiple clock genes led to an initial surge in chronobiological studies that focused on the role and regulation of the individual clock genes within the transcription-translation feedback loops. However, more recently researchers are focusing on the role of clock genes in organ physiology and pathophysiology. One such focus has been on the potential role of clock genes in colonic motility. Time of the circadian clock under constant environmental conditions, i.e., CT0 corresponds to the beginning of the subjective day Phase shift A change in the timing of environmental cues will result in a shift in phase of the rhythm Entrainment
The process of synchronization to environmental cues 
Clock Genes Are Expressed Within the Epithelial Cells and Myenteric Plexus of the Colon
In 2007, two independent groups presented a comprehensive overview of clock gene expression within the rodent colon in parallel publications (23, 46) . Using in situ hybridization and immunohistochemistry, Sladek et al. (46) demonstrated per1 and bmal1 gene expression within epithelial cells of the rat distal colon, more specifically within the crypts of the colonic epithelium. Hoogerwerf et al. (23) demonstrated PER2 and BMAL1 protein expression within colonic epithelial cells as well as within the myenteric plexus, an important site of neurotransmitter synthesis and coordination of colonic motility. To more definitively demonstrate the expression of clock genes within individual neurons of the mouse colon, additional immunohistochemical studies were performed on longitudinal muscle myenteric plexus (LMMP) preparations of the mouse colon ( Fig. 2A) . These LMMP preparations firmly establish the expression of clock genes within the neurons of the myenteric plexus. In addition, immunohistochemical studies were performed on human colonic tissue, which confirmed the expression of clock genes within the colonic epithelial cells as well as within the ganglia of the myenteric plexus (Fig. 2B ). This observation demonstrates the potential clinical relevance and translatability of the rodent studies to humans. In addition, Pardini et al. (38) showed that it is technically feasible to examine clock gene expression at both the RNA and protein level in single intact colonic crypts isolated by chelation from biopsies obtained from healthy humans during colonoscopy.
Clock Genes Are Rhythmically Expressed Within the Colon
Patterns of clock gene expression within individual tissues are most commonly assessed by polymerase chain reaction on whole tissues obtained at regular time intervals over a 24-h period. By using this technical approach, rhythmic expression of clock genes within the rodent colon was confirmed (23, 46) . However, clock genes are expressed within the neurons of the myenteric plexus as well as within the epithelial cells, and by using whole tissue the relative contribution of the different cell types to the measured rhythmic expression of clock genes could not be determined. Nonetheless, the presence of a distinct single peak in oscillation suggested that the clock genes in the different cell types of the gut are in phase with each other (23). This assumption has since then been more definitively confirmed through in vitro studies of mice in which the per2 gene is linked to a luciferase reporter. Thanks to its relatively short half-life, luciferase is ideal for expression analysis that follows time-course changes, as in the analysis of circadian rhythms. When luciferase bioluminescence was measured from mucosal/submucosal and LMMP preparations from the proximal colon, there was no difference in the phase of PER2 expression (W. A. Hoogerwerf and V. M. Cassone, unpublished observations). And although it is technically more difficult to obtain neurons from the myenteric plexus through colonic biopsies from humans, the finding that the phase of clock gene expression within epithelial cells parallels that of the phase of clock gene expression within the neurons of the myenteric plexus suggests that phase determinations of the clock genes within the epithelial cells can serve as a surrogate marker for the phase of neuronal clock gene expression. Such an approach would facilitate studies on the role of clock genes in human tissues. In addition, LMMP preparations showed robust oscillations in PER2 expression, which results from PER2-expressing neurons within the myenteric plexus. Oscillations within SCN neurons have been shown to persist in vitro for over a year following ongoing medium/substrate changes (52) . It is therefore conceivable that LMMP cultures can be maintained in vitro for prolonged periods of time, thereby presenting a unique opportunity for future mechanistic studies on the role of clock genes within the neurons of the myenteric plexus.
Colonic Clock Genes Display Circadian Rhythm Properties
Attributes of circadian rhythms include their ability to persist under constant conditions (i.e., in the absence of light) and their ability to be synchronized or reset by environmental cues such as time of feeding. Thus, in examining the strict attributes of circadian rhythms within the colon, they theoretically ought to be examined under conditions in which neither light or food availability can serve as a cue. When mice were placed under constant darkness with ad libitum access to food, colonic clock gene expression remained rhythmic (23) . When mice were placed in constant darkness without access to food (but with ad libitum access to water), rhythmicity persisted although the amplitude of clock gene oscillations decreased dramatically (25) .
The colonic clock can become uncoupled and function independent of the central clock. Restricted feeding has been established as a major synchronizer of clock gene expression in tissues within and outside of the gastrointestinal tract. When determining the role of restricted feeding in the synchronization or entrainment of clock genes, one should be aware that rodents are nocturnal animals. They will eat most of their food, ϳ75%, within the first few hours after the onset of the dark cycle. Thus their food intake follows a naturally rhythmic pattern (5) . To examine the effect of restricted feeding (food only provided during the first 4 h of the light cycle) on the phase of colonic and central clock gene expression, colonic tissue and brains were collected following ad libitum feeding, restricted feeding for 48 h, and restricted feeding for 1 wk. The phases of all clock gene mRNA accumulation profiles in the colon differed 7-12 h between mice fed during the daytime and mice fed ad libitum (23) . Following 1 wk of restricted feeding, no additional phase shifting occurred (23) , suggesting that shifts in colonic clock gene expression occur within the first 48 h of restricted feeding. In contrast, no statistically significant difference in either acrophase or amplitude was found among the three different conditions for either per2 or bmal in the brain (23) . Thus colonic clock gene expression in response to restricted feeding occurs independent of the central clock. This finding is in line with findings by other investigators (14, 19, 48) . However, it has been suggested that central clock gene expression may shift when feeding is not only restricted to daytime hours but also hypocaloric in its contents (32) . The latter suggests that the phase of clock genes expression within the SCN may be modulated by metabolic cues.
A Subset of Genes in the Mouse Colon Follows a Rhythmic Expression Pattern
By use of microarray analysis, rhythmic gene expression profiles were detected in ϳ3.7% of distal colonic genes. Both vasoactive intestinal peptide (VIP) and neuronal nitric oxide synthase (nNOS), two genes that play important roles in the modulation of colonic motility, were identified as rhythmically expressed, supporting a potential role for clock genes in their transcriptional regulation (23) . A large number of genes were found to be involved in cell signaling, differentiation, proliferation, and cell death. This is not surprising because clock genes are expressed within the epithelial cells of the colon. However, gene arrays may underestimate the number of rhythmically expressed gene because of an underestimation of the amount of gene product (3, 25) . It is therefore conceivable that an even larger number of colonic genes are under circadian clock control.
Measures of Colonic Motility Are Rhythmic in WT but not in per1per2 Double-Knockout Mice
To investigate the physiological relevance of clock genes in colonic motility, measures of colonic motility were assessed in wild-type (WT) mice and in per1per2 double-knockout mice. These measures consisted of a combination of in vivo (stool output, intracolonic pressure changes) and ex vivo (colonic circular muscle contractility) methods. First, stool output was rhythmic in WT mice with most stools being passed during the dark cycle. In contrast to WT mice, per1per2 double-knockout mice did not demonstrate rhythmicity in stool output (24) . Second, colonic pressure activity was assessed through the use of a telemetry-based system that allows recordings of intracolonic pressure changes as a measure of colonic contractile activity on a continuous basis in freely eating and moving mice. Colonic pressure activity was greatest during the dark phase in WT mice but there was no rhythmicity in colonic pressure activity in per1per2 double-knockout mice (24) . Third, the acetylcholine-evoked colonic circular muscle contractile response was greater at the beginning of the dark cycle when compared with the beginning of the light cycle in WT mice but not in per1per2 double-knockout mice (24) . Persistence of rhythmicity in stool output, intracolonic pressure changes, and tissue contractility in WT mice under constant darkness and the absence of this rhythmicity in per1per2 double-knockout mice confirmed that these measures of colonic motility are indeed circadian and controlled by an endogenous clock-driven process.
Rhythmic Changes in Colonic Contractility Are in Part Mediated by nNOS
Under normal conditions the colonic circular smooth muscle contractile response to acetylcholine is greatest at the beginning of the dark cycle. However, in the presence of the neuronal inhibitor tetrodotoxin (TTX), there was no longer a difference in the contractile response at the beginning of the light cycle when compared with the contractile response at the beginning of the dark cycle (24) . This difference was lost because the contractile response at the start of the light cycle is much greater in the presence of TTX, suggesting that TTX abrogated an inhibitory response that attenuates the response to acetylcholine under normal conditions (24) . Additional organ bath studies in both WT and mice genetically deficient in nNOS demonstrated that this neuronally mediated inhibitory response is mediated through nNOS.
These observations are in line with the general concept that smooth muscle cells are kept under tonic inhibition in the resting state through the basal release of inhibitory neurotransmitters and that muscle contractions only occur only when the inhibitory neurons are "switched off" (51) . It is conceivable that this tonic state of inhibition is mediated in part through a nNOS-dependent clock-controlled mechanism.
In summary, the findings described above suggest that clock genes within the neurons of the myenteric plexus directly or indirectly control the transcription of a subset of colonic genes (e.g., nNOS and VIP) that, in turn, modulate colonic motility. Rhythmic changes in the expression of nNOS may lead to a predominant inhibitory effect on colonic smooth muscle during the inactive phase and a decrease in inhibition during the active phase of colonic motor activity. A proposed model for clockcontrolled regulation of colonic motility is presented in Fig. 3 .
Clinical Relevance of a Biological Clock in Colonic Motility
What is the clinical relevance of the presence of a colonic clock that may be involved in colonic motility? To answer this question, one should first consider the relevance of molecular clocks in general. Circadian clocks have been highly conserved throughout evolution and their main role may have been to present living beings with a survival advantage by allowing them to adapt to environmental changes and anticipate the physiological needs for the time of day. The most wellrecognized biological rhythm in humans, namely the sleepwake cycle, dictates that we should be sleeping at night and awake during the day. Therefore many of our biological functions are primed to function optimally during the day, whereas others are set to function optimally during the night. The importance of adherence to a regular sleep/wake cycle is demonstrated by epidemiological studies of individuals forced to disrupt their biological rhythms through participation in shift work. Participation in shift work has been associated with a plethora of diseases that carry a tremendous health care burden. For example, epidemiological studies have demonstrated that shift workers are at increased risk for the development of obesity, diabetes, and cardiovascular disease (26, 35) . In addition, participation in shift work has been associated with an increased risk for the development of breast and colon cancer (42, 43) and most recently with an increased risk for irritable bowel syndrome (37) . The association between participation in shift work and obesity is particularly interesting. In the seventies, Halberg et al. (18) demonstrated that the timing of food intake can determine whether an individual will gain, maintain, or lose weight. Consumption of a 2,000-kcal meal within 1 h of first awakening can lead to weight loss whereas the same meal can lead to weight gain when consumed 12 h after first awakening (20) . These observations are particularly relevant in this day and age in which obesity has reached epidemic proportions. The role of biological rhythms in the pathogenesis of obesity, a modern epidemic, has been reviewed in greater detail elsewhere but illustrates the point that life styles that force a continuous shift in our biological rhythms, including the timing of our food intake, may have adverse health consequences (22) .
The clinical data as well as the data obtained from rodent studies suggest that there may be an optimal time for colonic motility. As discussed earlier, colonic contractile activity in humans increases significantly following awakening and following meals. These observations suggest that increases in colonic motor activity may occur through two independent mechanisms, one that is food intake independent and one that is food intake dependent. The latter has been well characterized as a physiological reflex in response to the presence of food in the stomach and is referred to as the gastrocolic reflex, which may prompt an urge to defecate (49) . The former has been less well characterized but its daily recurrence at the time of awakening suggests that the human colon is naturally primed to empty early in the morning. And it is the colonic clock that may be responsible for the priming or sensitization of this process, as suggested by the rodent studies discussed above.
IBS: a Manifestation of Circadian Rhythm Dysfunction?
Disruption of biological rhythms secondary to shift work, travel across different time zones, or space flights has been associated with gastrointestinal symptoms such as abdominal discomfort, constipation, or diarrhea (10, 11, 13, 27, 29, 50) . These changes may relate to alterations in colonic motility that may occur due to disruption of the molecular clock in those settings. In addition, these symptoms overlap with those reported by patients with irritable bowel syndrome (IBS). A recent cross-sectional observational study that aimed to determine the prevalence of IBS amongst nurses participating in shift work, found an association between participation in shift work and IBS (37) . In particular, those working rotating shifts were found to have a significantly higher prevalence of IBS compared with persons working a standard daytime schedule. This association was independent of the quality of sleep. These observations suggest that IBS may be a manifestation of an underlying circadian rhythm disorder. This is supported by reports that the administration of melatonin, a known regulator of circadian rhythms, can improve IBS symptoms (30) . It has also been shown that the urinary excretion of the main melatonin metabolite, 6-sulfatoxymelatonin, differs between IBS Fig. 3 . Conceptual model for circadian regulation of colonic motility. The rhythmic expression of clock genes within the neurons of the myenteric plexus modulate colonic motility through direct or indirect clock-controlled transcription of genes such as acetylcholine (ACh) transferase and neuronal nitrix oxide synthase (nNOS). Direct clock-controlled transcription can be mediated through an E-box element (the consensus sequence for the E-box element is CANNTG) through which clock genes can enhance transcription of downstream gene. Transcription of ACh and nNOS will lead to the rhythmic release of ACh and nitric oxide (NO), which will initiate diverse biochemical, cellular, and physiological processes within the colonic circular muscle, which may in turn, through a cascade of second order messengers and various signaling pathways lead to enhanced colonic motility and, eventually, a bowel movement (BM) at one time of the day and decreased colonic motility at another time of day. patients and healthy controls (40) , further supporting a potential role for circadian rhythm dysfunction in the pathogenesis of IBS.
Remaining Questions and Challenges
Mechanism of peripheral clock gene entrainment. One of the most intriguing questions is how entrainment of the colonic clock, and of clocks in a variety of other peripheral organs, is regulated. The role of the central clock may be limited in the entrainment of peripheral clock gene expression. First, peripheral clock gene expression (including gastrointestinal clock gene expression) can become uncoupled from the central clock in response to restricted feeding (23) . Second, entrainment of peripheral clock gene expression can be induced in response to restricted feeding in mice in which the central clock has been ablated. These observations have suggested the presence of a putative "food-entrainable oscillator" (FEO). However, the location of this FEO and the signals responsible for its entrainment remain elusive despite extensive research by multiple investigators over the past two decades, which have been reviewed extensively elsewhere (6, 9, 15, 16) . The vagal nerve is unlikely to play a significant role in the modulation of gastrointestinal clock gene expression as vagotomy did not alter gastric clock gene expression (23) . Miki et al. (33) demonstrated that daytime administration of total parenteral nutrition significantly shifted per2 expression in the rat liver. It is therefore unlikely that the direct contact of food with the lining of the gastrointestinal tract mediates clock gene expression. However, it is conceivable that the entrainment of gastrointestinal clock genes is humorally mediated. Future studies should focus on those peptides that are known to follow a circadian rhythm and that may alter gastrointestinal motility as well. For example, uroguanylin and guanylin are intestinal ligands for guanylyl cyclase that are rhythmically expressed in the rodent intestine and that modulate secretion and motility (45) . Other candidate peptides include the cortisol-releasing factor (CRF) as well as neuropeptide Y, glucagon-like peptide 1 (GLP-1), cocaine-and amphetamine-regulated transcript (CART), and ghrelin. These rhythmically expressed peptides modulate food intake but they also act in the brain to stimulate colonic motility through the modulation of CRF signaling pathways. It is therefore conceivable that rhythmic changes in colonic motility over the time of day result from the effect of these rhythmically expressed modulators of colonic motility via CRF receptor-dependent mechanisms.
Role of the central clock in modulation of colonic motility. To fully characterize the role of the central clock in the regulation of rhythmic changes in colonic motility, measures of colonic motility will need to be examined in SCN-ablated mice. A loss of rhythmicity in measures of colonic motility in SCN-ablated mice would support a role for the central clock in the regulation of colonic motility.
Mechanisms of regulation of circadian rhythmicity within the colon. Current data suggest that rhythms in colonic motility are regulated by both clock genes and a nNOS-mediated inhibitory process and suggest a connection between these two mechanisms. However, the mechanism through which clock genes may regulate nNOS expression and function within the neurons of the myenteric plexus remains to be determined. It is likely that a variety of other modulators of colonic motility, including stimulatory neurotransmitters, are clock controlled as well.
Special attention should be directed to the role of microRNA (miRNA) in the clock-modulated regulation of colonic motility. miRNA are small RNA molecules that regulate gene and protein expression by binding to the 3=-untranslated regions of specific mRNAs. miRNAs may mediate circadian rhythmicity through posttranscriptional and posttranslational mechanisms (39) .
Conclusion. Further research is needed to determine the underlying mechanism through which rhythmic changes in colonic motility occur under normal circumstances and to determine the consequences of disturbed clock function on colonic motility. Based on a better understanding of the mechanisms that underlie rhythmic changes in colonic motility, drugs can be designed that target tissue specific clock genes. At the present time, high-output genomic screening has already led to the identification of compounds that can delay or advance molecular clocks in individual cells. Eventually, such compounds may be used to enhance the synchronization of colonic clock genes to changes in the environment, improvement in colonic motility, and resolution or prevention of gastrointestinal symptoms. In addition, new drugs may be specifically designed to alter the phase of the gastrointestinal clock. A recent article describing the potential of sildenafil to speed up the adjustment of the central clock to changes in the light-dark cycle demonstrates that such medical approaches may be feasible in the near future (1). In addition, behavioral therapies could be designed, based on optimization of meal times and sleep.
Finally, researchers should be encouraged to define the actual timing of experiments in relation to the light-dark cycle. After all, one can only guess what the implications are of a biological database that is built almost entirely on work with postprandial mice that were just roused out of their sleep. Although this argument has been made by others in the past, it has not been implemented outside of the chronobiological field. However, with the growing recognition of the role of biological rhythms in human health and disease, this recommendation is becoming increasingly more important and might benefit from reinforcement by scientific journals.
